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Construction managers are facing the increasing pressure from the owner to finish a 
project safely, on time, with the desirable quality and within the budget. These pressures 
make construction managers put effort on project management, including the efforts on 
construction operations planning and resource balancing. To provide an accurate and 
quick evaluation of “what if” scenarios, for decades, researchers in construction have 
used discrete-event simulation in modeling and analyzing construction operations. 
Construction Simulation technology contributes in modeling and evaluating the 
predefined alternatives for construction operation in a controlled environment of 
simulation systems. However, the complexity of comparing construction operation 
alternatives in simulation systems and the lack of a user-friendly interface have prevented 
this technology from being widely adopted in the construction industry. 
The goal of this research was to develop a simulation modeling method which 
enables construction managers to build up a construction simulation model visually and 
compare and evaluate different construction operation scenarios rapidly. This research 
proposed a Component-State based Criteria Simulation (CS2) method specifically 
designed for construction operations. This approach integrates component-state based 
concept, criteria based mechanism for internal control idea and two-level representation 
modeling. A detailed template for major modeling elements that includes key attribute of 
the component and a graphical user interface based on the template were also developed 
to facilitate building the simulation model visually. 
A detail case study based on a S$450M construction project in Singapore along with 
several demonstrating cases were modeled and analyzed using on CS2 method. For each 
case, the visual simulation diagram was built and simulation model was constructed and 
vii 
executed. The case study results indicated the effectiveness of the methodology in 
modeling and analyzing construction operations. Through managing the simulation model 
with the Criteria Object in the method, the CS2 method helped construction managers to 
compare and evaluate construction operation alternatives visually without rebuilding the 
whole simulation modeling.   
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1.1 RESEARCH INTRODUCTION 
When the owner puts more pressure of finishing a project on time and within the budget, 
construction managers have been more and more focusing on construction operation 
planning and resource balancing. To avoid project delay and waste of the resource, 
different construction scenarios are compared and the feasibility of the alternative 
construction methods is verified before being put into real use. Traditionally, scheduling 
software (e.g. Microsoft Project) and mathematical calculation are used to evaluate 
different scenarios and construction methods. However, the complexity of the 
construction operation challenges the traditional method in providing an accurate and 
quick evaluation of “what if” scenarios. The situation becomes more challenging when 
uncertainties in time duration or other factors are involved in the construction operation. 
For decades, researchers in construction have used discrete-event simulation in modeling 
and analyzing construction operations. With this technology, the predefined construction 
operation alternatives can be modeled and evaluated in a controlled simulation systems. 
However, the complexity of the simulation systems and the lack of a user-friendly 
interface have prevented this technology from being widely adopted in the construction 
industry. 
Many approaches focused on presenting construction simulation systems that could 
be easily understood, be flexible in formulating and testing different alternatives, 
integrate construction uncertainty, characterize resources in detail and present resource 
interactions and flows (Odeh 1992). These intensive research initiatives have formed a 
research theme named “Construction Simulation Systems” (Martinez and Ioannoa, 1999). 
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The recent development in computer programming paradigm, such as, object-oriented 
programming, provided a unique chance to improve the construction simulation systems. 
Through adopting this concept, several researches presented the construction simulation 
from the object-oriented perspective (Liu, 1992; Liu, 1993; Liu, 1996; Manavachi, 2000; 
Oloufa and Ikeda, 1997), described simulation as interaction between components 
(AbouRizk, 1995; Chua and Li, 2001) and simplified the modeling process with the 
modeling hierarchy (Chua and Li, 2001). These approaches also improved the 
understanding of the modeling through the one-to-one corresponding relationship 
between objects in the model and real-life system. However, these approaches tend to 
over-simplify the interaction management between these objects with single functional 
“links”. It is challenging for these links to state the precondition of the interaction 
completely and coordinate interaction related parameters efficiently.  
This research aims at developing a Component-State based Criteria Simulation 
(CS2) method specifically designed for construction operations. This approach integrates 
component-state based concept, criteria based mechanism for internal control idea and 
two-level representation modeling. First, CS2 employs a component-state modeling 
strategy based on the object-oriented programming. In this strategy, CS2 treats the 
elements involved in the construction operations as modeling component and emphasizes 
the interaction of these components. To track the simulation process of components, the 
components in CS2 have a set of states to record all the possible status of component 
objects in the construction operations. Then, to represent the inter-component 
relationship, a Criteria object is designed for managing the interaction of the components. 
Finally, a two-level abstraction, namely components-relation level and the process-flow 
level, is employed to facilitate the model development. The CS2 method consists of the 
3 
CS2 model (the modeling methodology) and the model template (the implementation of 
the model).  
 
1.2 GOAL 
The goal of this research is to develop and evaluate a Component-State based Criteria 
Simulation (CS2) method for construction operations integrating component-state based, 
criteria controlled and two-level representation modeling. 
 
1.3 OBJECTIVES 
The objectives of this research include: 
1. Develop a Component-State based Criteria Simulation method: Define the 
basic modeling elements of the simulation method. Identify the visual 
representation and attribute of each modeling elements. Evaluate the effect of 
modeling elements in representing the construction operations.   
 
2. Evaluate the methodology in presenting different operational scenarios: 
Evaluate the CS2 method through the detailed modeling and its ability in 
analyzing of presenting different scheduling scenarios in a case study project.  
 
3. Develop a CS2 template and graphic user interface: Develop a detailed 
template for major modeling elements that includes key attribute of the 
component and the transformation mechanism between the template and the 
simulation programming source code. Develop a graphical user interface based on 
the template and the transformation mechanism. Evaluate the template and the 




1.4 SCOPE OF RESEARCH 
The CS2 method was developed for modeling components interaction in construction 
operations. The components are the entities in the construction such as equipment, labor, 
construction materials or building elements. The research is focused on modeling the 
quantitive relation among these components and comparing different alternatives of 
quantitive combinations and the sequence of the components. Although the methodology 
is believed to encompass all the typical resources in construction operations, it is 
necessary to point out that the method is only tested through detailed analysis of the 
presented case study projects. 
 
1.5 READER’S GUIDE 
This chapter described the research goal, objectives, and the scope of the research. 
Chapter 2 presents background literature including a review of current construction 
simulation research, as well as  the related managerial principles, such as Lean 
construction and Just In Time. Based on the literature review, a component-state based 
and criteria simulation method is proposed in Chapter 3. A detail description of this 
methodology is provided, including a component and state concept, the criteria object, 
and two level modeling representations. A case modeling of construction operation with 
trucks, dozers and earth is performed and documented in this chapter as well. In Chapter 
4, a more complex case study of Punggol Light Rail Transmit project is used to 
demonstrate and evaluate the CS2 method. In this case study, different scheduling 
scenarios are modeled and compared to demonstrate how the criteria object facilitates 
modeling and modifying the simulation model. Chapter 5 presents a model template 
which summarized the key attributes of the modeling elements, the component object and 
criteria object. A transformation mechanism between the template and the simulation 
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programming language source code is introduced. Based on this template and mechanism, 
a graphic user interface is developed to facilitate the modeling representation and 
interaction between modeler and the computer. A case study of earth moving is used to 
validate the approach. Finally, Chapter 6 summarizes the research and concludes the 




BACKGROUND: CONSTRUCTION ENGINEERING SIMULATION 
 
This chapter introduces the concept and the related research about Construction 
Engineering Simulation, as well as provides an overview of using Construction 
Simulation in demonstrating Lean Construction principles. First, based on the simulation 
scope of the tools, the Simulation approaches are grouped into either General-Purpose 
Simulation or Project-Specific Simulation. Second, the Simulation tools are reviewed and 
evaluated based on the simulation modeling strategy. Last, the approaches of using 
Construction Simulation in presenting Lean Construction principles are reviewed and 
discussed.  
 
2.1 SIMULATION MODELING SCOPE 
Discrete-event simulation is used by many researches in modeling and analyzing 
construction operations. These intensive research initiatives have formed a research 
theme named “Construction Simulation Systems” (Martinez and Ioannoa, 1999). 
According to the capacity and flexibility of the construction simulation system, the tools 
can be grouped into two groups, General-Purpose Simulation and Project-Specific 
Simulation.  
 
2.1.1 General-Purpose Simulation 
The General-Purpose Simulation refers to a construction simulation tool targeting at 
modeling any construction operations. This type of simulation aims at a broad domain 
and is flexible to accommodate any specific modeling requirement of a construction 
operation. The typical General-Purpose Simulation is functioned normally through 
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programming (more specifically, writing programming codes for all the programming 
following the simulation language grammars,) either for all of the modeling activities or 
part of them. These tools include STROBOSCOPE (Martinez, 1996), COOPS (Liu, 1991) 
and CYCLONE (Halpin, 1976). The steep learning curve of the general purpose 
simulation language, however, prevents the tools from widely use in construction 
modeling and analyzing. The complexity of these general-purpose simulation tools limits 
themselves with the construction researchers.  
 
2.1.2 Project-Specific Simulation 
To encourage the application of the simulation tools into real projects, project-specific 
simulation tools were developed based on the modeling characteristic of a specific type of 
project, e.g. earth moving or pipe laying. Project-Specific simulation aims at modeling in 
a particular domain through providing predefined models for the frequent used activities, 
instead of programming codes. With these redefined models, the effort of modeling 
construction operations is reduced tremendously. At the same time, the learning curve of 
these tools is not as steep as that of the General-Purpose Simulation. The typical Project-
Specific simulation tools include the systems developed by Oloufa et al. (1998), Shi and 
AbouRizk (1997) and Martinez (1998). This type of approach is suitable for special 
contractors focusing on a certain type of construction operation, e.g. pipe laying. 
However, the redefined models of the Project-Specific Simulation limit the flexibility of 






2.2 SIMULATION MODELING STRATEGY 
The modeling methods may be categorized into process-oriented and object-oriented in 
terms of modeling strategy. A construction process is defined as a unique collection of 
work tasks related to each other through a technological structure and sequence (Halpin 
and Woodhead, 1976). A modeling approach presenting work tasks as the basic modeling 
element is termed process-oriented (Chua and Li, 2000). While, in object-oriented 
modeling, the elements involved in the construction operations are treated as objects and 
the interaction of these objects are the major part of the modeling. Previous work in 
Construction Simulation is reviewed based on the modeling strategy. 
 
2.2.1 Process-Oriented Simulation 
Construction projects can be modeled as a collection of interdependent processes, which 
interact with each other following specific methods. CYCLONE (Halpin, 1977) and 
STROBOSCOPE (Martinez, 1996) are among the process-oriented simulation systems 
that have been developed specially for construction. The modeling paradigm of these 
systems is based on the Three-Phase Activity Scanning (Martinez and Ioannou, 1999). 
Following this methodology, the modeler focuses on identifying the activities, the 
conditions under which the activities can happen and the outcomes of the activities when 
they end (Martinez 1998). Queues are employed to represent preconditions for its 
assigned resources. It suggests availability of the resources prior to the occurrence of an 
event.  
The modification and management of these queues, however become a tedious 
work when the preconditions turn into complex. Furthermore, the preconditions of 
activity usually include many more factors other than the availability of the resource. 
Examples are physical relations, functional dependency, construction space occupation, 
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resource allocation, productivity, safety, weather, contract stipulation and government 
regulation (Chua and Song, 2001). The physical relations of the resource components, 
functional dependency and weather have an important effect on simulation modeling, 
although some of these factors are not the essential elements in a simulation system. 
2.2.2 Object-Oriented Simulation  
In contrast, some other systems present the model of the construction operations from the 
object-oriented point of view. The object -oriented simulation reviewed in this part 
include COOPS (Liu, 1992), Inter-Component and Intra-Component Simulation 
(Manavachi, 2000) and Library-based Simulation (Oloufa and Ikeda, 1997). 
 
2.2.2.1 COOPS 
COOPS (Liu, 1992) is one of the earliest object-oriented programmed construction 
simulation systems, in which the modeling elements are treated as objects that integrate 
discrete-event simulation and graphical representations. Three different types of objects 
are used in the modeling, including nodes, links and attachments (Figure 2-1). As part of 
the attachments object, the resources in the model represent the attributes of the resources 
in the real world. Two types of resources models are used: “generic” and “specific”, in 
which generic resources are treated as identical and interchangeable, while specific 
resources are identified separately. In COOPS, the resources can be generated or 
consolidated during the simulation process. Animation environments are incorporated 
with COOPS-R (Liu, 1993) and ACPSS (Liu, 1996). Through interfacing the object-
oriented programming with discrete-event simulation, COOPS provides a direct, 
graphical and interactive input environment for the user. However, the COOPS still 
inherited some process-oriented modeling concepts, e.g. queues, in the modeling elements 
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and networks. In this way, COOPS faced the same problem as CYCLONE to represent 
the complex precondition of activities or consolidations.  
 
Figure 2-1: Modeling objects in COOPS (Liu, 1992) 
 
2.2.2.2 Inter-Component and Intra-Component Simulation 
Manavachi (2000) provides a simulation modeling approach from the inter-component 
and intra-component perspective to model the dependencies of components and structural 
relations among component parts. Manavachi presented the insufficiency of the process-
oriented simulation to manage the relation between resources, more specifically, the 
interdependency of the resources. Therefore, it would be more challenging to model the 
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relation between parts of the resources. To cope with this, five types of relationship model 
between the resources are defined: Intra-component dependency, Inter-component 
dependencies, Sequential dependency, Total concurrent dependency and Continuous 
partial concurrent dependency. These works have employed the advantages of object-
oriented programming to facilitate the presentation of both the interaction of components 
and that of component parts. However, little emphasis is put on how to quantify the 
relation of the component and the relation of the component parts. A major part of these 
relations is the various preconditions of the interactions. 
 
2.2.2.3 Library-based Simulation 
Another early approach in Object-Oriented Simulation is a library-based simulation 
modeling developed by Oloufa and Ikeda (1997), in which a library of pre-programmed 
construction resources is developed and targeted at a specific category of project. Using 
the shield tunneling for example, the resource library was built by the simulation program 
designer. The library consists of the major resources such as trains, trucks, rail types as 
well as Tunnel boring machine. Each resource in the library represents a physical 
component in the real projects. The user developed the simulation models by selecting the 
resources from the simulation library and connecting them. Through reusing the resource 
models, this library-based approach simplifies the process of modeling development to 
some extent.  
 
2.2.3 Summary 
One of the major advantages for Object-oriented modeling is the one to one 
correspondence between the modeling component and the physical component. In 
COOPS, the resource models represent physical resources in construction operations, 
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while in Library-based simulation, the model component in the library represents a 
physical component in real projects. This direct and explicit modeling strategy is used in 
the CS2 model.  
 
2.3 INTERACTION AMONG THE COMPONENTS  
In Object-oriented modeling approach, the interaction between components (i.e. how the 
components are linked and controlled) is the major challenge of the model (Shi and 
AbouRizk, 1995; Chua and Li, 2001). 
 
2.3.1 RBS 
In the Resource-based modeling (RBM) (Shi and AbouRizk, 1995), R-process depicts a 
new level between the “process” and “task”, describing an operating process of a resource 
through a series of tasks. To control the interaction activities or assemble the related r-
process models in its description, two linking structures, a direct link and an indirect link, 
are employed. Direct links do not change the number of simulation entities during a 
transfer process. On the contrary, indirect links connect the models in which the 
simulation entities are not dimensionally compatible. Each of the link structure type has 
three “sub” links: one-one, one-multiple, and multiple-one. These six kinds of links 
handle most of the situations in resource interactions; however, the complex linkage 
structure required modeler tremendous time and effort to understand and distinguish one 
link from the other. The steep learning curve and over-subtle categorization have 
discouraged its popularity among general users. Furthermore, the function of these 
linkages is quite limited to numeral calculation. Other essential information about 
construction information, such as the attribute of each simulation entities involved, is 
excluded from the linkage functions.  
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2.3.2 RISim 
To represent the component interactions, RISim (Chua and Li, 2001), another object-
oriented modeling approach, uses four types of links to describe the relationship among 
various resources: simple resource flow (relationship between complex resources and 
complex resources), internal complex resource flow (relationship between complex 
resources and simple resources), common process (relationship at the process level 
among complex resources), and interactive signal (special relationship). One significant 
feature is the common process link mechanism designed for the linkage between two or 
more resources involved in an interaction activity. In the earth-moving operation defined 
in Figure 2-2, for example, a scraper has a process called loading and a pusher also has a 
corresponding loading process. The scraper and the pusher have their own set of 
parameters, attributes, preconditions for initiating the activity and other information about 
the same process of loading in the process level. In RISim modeling, the interaction 
between the scraper and the pusher is represented with a SAMELINK in resource level. 
By grouping the resources interactions with the two levels modeling strategy, the resource 
flow and the resources interactions are clearly presented. However, in this modeling, the 
coordination between the involved resources attribution are not explicitly presented. 
 
 
Figure 2-2: RISim’s Interaction with Common Process 
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2.3.3  CYCLONE 
The process-oriented approach, such as CYCLONE (Halpin 1977), on the other hand, is 
not sufficient in representing interaction with multiple instances of an identical resource. 
In CYCLONE, Queues and COMBIs are used to present the resource interactions. Taking 
same earth-moving operation as example, three queues are provided to represent the 
availability of the three resources, namely scraper, pusher and earth, respectively, to start 
the loading operation. The interaction activity, loading, is represented with one COMBI 
icon, as in Figure 2-3. The Loading COMBI records loading parameters, such as duration 
of the loading. The Loading COMBI scans the availability of scrapers, earth and pushers 
during the simulation. If an empty scraper, an idle pusher and the required amount of 
earth are available, the loading COMBI process is triggered and starts. Interaction process 
and its preconditions are presented with Queues and COMBIs; however, the Queues and 
COMBIs in this mechanism cannot provide more functions other than the availability of 
the resources. Taking the capacity of Scrapers for example, Queues cannot treat this 
parameter as part of the attribution. If Scrapers have a number of different loading 
capacities, the identical numbers of Queues and flow cycles have to be set up 
correspondently. Therefore, modification and management of a simple interaction could 
be tedious work due to the usage of multiple queues and flow cycles.  
 
Figure 2-3: A Scraper loading diagram in CYCLONE  
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2.3.4 Summary 
In this part, the challenges of managing the interaction between modeling component 
were reviewed. For RBS, the over-subtle categorization and relatively simple function of 
the link structures limit the modeling capacity of the approach. RISim provided a unique 
mechanism of managing the inter-component relation, however, the attribution 
coordination among the interaction involved components are explicitly presented. For the 
process-oriented modeling, e.g. CYCLONE, the structural insufficiency in managing 
interaction among resources requires tremendous work for a common multi-instance 
interaction modeling. Therefore, it is desirable to provide an efficient and multi-
functional object to manage the interaction among modeling components. In CS2 
modeling, a Criteria object is designed to coordinate and manage the precondition of 
interactions. These preconditions include resources availability, physical relations, 
functional dependency, construction space occupation, safety or even weather. 
 
2.4 SIMULATION MODELING HIERARCHY  
Another effort to simplify the modeling process was the modeling hierarchy provided in 
RISim by Chua and Li (2001). The model employed a two-level abstraction strategy in its 
modeling approach, namely, the Resource level and Process level. Each level contained 
part of the model information. In this resource-interacted modeling hierarchy, resource 
level recorded the information related to various resources and their relationship. At this 
level, the modeler determined which resources should be considered in the model. 
Beneath the resource level is a process level to describe activities performed by the 
resource. These two-level strategy modeling inherits most of the advantages of the object-
oriented modeling strategy to present the activities from resource interaction perspective; 
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therefore, the modeling contributes to the simplification of the process of model 
development.  
 
Figure 2-4: RISim’s two level modeling strategy (Chua and Li 2001), 
 Ri refers to the resource involved, while Pi refers to the process involved.  
 
2.5 USING SIMULATION IN LEAN CONSTRUCTION 
The major application of the Construction Engineering Simulation focused on validating 
the simulation modeling (Halpin, 1977; Liu, 1992, Martinez, 1996 and Chua and Li, 
2001) and providing alternative for construction operations (Oloufa and Ikeda, 1997). 
Another major application of the simulation approach put effort on using this technology 
to articulate Lean Construction principles. As part of the validation of the proposed CS2 
modeling, a case study was performed to test different construction alternatives based on 
the Just In Time theory, Pull-driven scheduling and Buffer Management.  
  
2.5.1 JIT in Construction 
Just in Time is one of the major concepts in Lean Construction. Taichi Ohno and his 
fellow researchers developed the Just In Time technique at Toyota in 1980’s (Ohno, 
1987). One of the essential purposes of the JIT technique is to change production’s 
directives from estimates of demand to actual demand, which originated from the need to 
produce a small amount of many product varieties instead of a mass market. One benefit 
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of JIT is to reduce the work-in-process inventory, and thus save working capital and 
reduce storage space. A primary challenge for applying JIT in construction is the greater 
complexities and uncertainties involved in construction (Ballard and Howell, 1995).  
  
2.5.2 Lean Construction in Precast Industry  
For precast concrete production, the primary goal for production is to match the 
production output with the erection process, which corresponds with the manufacturing 
process. However, Low and Choong (2001) suggested that it may be too idealistic to 
strictly apply JIT in precast concrete production and erection according to their survey of 
32 construction sites using precast concrete components in Singapore. The reasons 
defined in the survey were due to the inaccurate demand schedule from erection 
contractors to precasters, slow revision, and updates of changes as well as last minute 
demand by the erection contractors.  Tommelein and Li (1999) studied the possibility of 
applying JIT in concrete delivery. The ready-mix concrete is a perishable commodity, 
batched to specification up customer demand. Although the feature of ready-mix concrete 
makes just-in-time delivery necessary, a typical order lead time of 3 to 4 days before the 
day of pouring was still recommended in the paper. Therefore, the concrete plant had time 
to procure materials, reserve batching capacity, and mobilize drivers and trucks. As 
shown in the previous research, the major difficulties in applying JIT in industrial 
construction might arise from issues in coordinating between precasters and erection 
contractors and using appropriate lead times to protect succeeding activities from 





2.5.3 Push-driven and Pull-driven Scheduling  
Traditional scheduling calculates early and late activity starts and finishes using the 
Critical Path Method (CPM). Although there could be some adjustments according to the 
resource leveling and allocation, activities normally are expected to start at their earliest 
possible date to avoid the delay of succeeding activities. This type of algorithm, the so 
called “push-driven” system, could be interpreted as an activity starts once all the 
required resources are ready without considering the status of the remainder of the 
system. In simulation applications, this approach is set as early start.   
The push-driven method does not take into account the unscheduled accumulation 
of in-process inventories, which may be caused by continuing fabrication while delays 
may occur in the installation process. These in-process inventories not only increase the 
costs related to storage, but also unnecessarily consume working capital. It is desirable, 
therefore, to employ a scheduling method that can minimize in-process inventories while 
addressing the uncertainty in the project process.  
The main objective of a “pull-driven” approach to process management is to 
produce a product taking into consideration the optimization of quality, time, and cost 
(Tommelein, 1998). In this manner, the demand of a customer is satisfied, and the 
throughput is maximized while the expenses are minimized including in-process 
inventory. To fulfill pull-driven scheduling, selective control of starting an activity is the 
goal. Therefore, an activity starts when all the required resources are available and 
additional starting criteria are met, e.g. there is a future demand for the resulting product 





2.5.4 Role of Buffers for Managing Production  
A buffer is “an apparatus for lessening the effect of some impact” (Hornby 1974). In 
shielding against uncertainty and complexity, buffers can encourage better performance 
(Horman and Kenley, 1998). Buffers can promote better conditions and can accommodate 
problems that arise in conditions that otherwise vary from those required for best 
performance. In Lean production concepts, however, buffers also mean a cost to 
performance. Therefore, it is essential to maintain the buffer at the appropriate level by 
responding to the dynamic situation on site. The dynamic response could include two 
parts, the initial buffer inserted between activities and the further selective control of 
starting an activity.   
 
2.6 SUMMARY 
This chapter reviewed the major work in Construction Engineering Simulation. The 
literatures were grouped by the simulation modeling scope, simulation modeling strategy, 
the interaction among modeling components and simulation modeling hierarchy. At the 
last, the Lean Construction concept was introduced and reviewed. The next Chapter 







 SIMULATION MODELING  
 
This chapter presents the major concept and modeling elements of Component-State-
based Criteria Simulation (CS2) model. First, the architecture of the CS2 model is 
introduced based on the simulation modeling characteristics summarized in Chapter 2. 
Then, the major modeling elements and their visual presentations (component object and 
criteria object) are elaborated using examples. Finally, the modeling methodology is 
demonstrated and validated through an illustration example. 
 
3.1 MODEL ARCHITECTURE  
The section provides a summary description of major characteristics of the CS2 model, 
including modeling strategy, interaction manager and modeling hierarchy. The main 
characteristics of CS2 model include component sate based modeling, criteria controlled 
resource interaction and two-level abstraction representations.  
 
3.1.1 Component State Based Modeling 
There are two types of modeling strategy as discussed in Chapter 2, namely, Process-
Oriented Simulation and Object-Oriented Simulation. Compared to Process-Oriented 
Simulation, the Object-Oriented simulation provides one to one correspondence between 
the modeling components and the physical objects in the real world to facilitate the 
modeling process. The CS2 model employs a modeling methodology from an object-
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oriented view and describes construction operations from the view of component-
interaction.  
The model adopts the term component to represent all elements in construction 
operation, such as labor, equipments, or building elements (such as trench or beam 
support etc.). Each component is defined as a general component to represent an element 
in construction projects. For example, in CS2 model, a beam component is used to 
describe a real beam on the construction site.  
The component has states to record the possible status of component objects in 
construction operations based on construction activities. In the dynamic system, this state 
information is used to record all the process information of the simulation system. At the 
same time, this state information can be used as the precondition of component 
interactions. For example, a beam component may have the following states: 
Rebar_Assembling --> Formwork_Erecting --> Concrete_Pouring --> Concrete_Curing --
> Formwork_Stripping --> Concrete_Finishing --> Beam_Ready.  
 
3.1.2 Criteria Controlled Resource Interaction 
The challenges of managing the interaction between modeling component were discussed 
in Chapter 2 with reviewing the existing simulation approaches, e.g. RBS, RISim and 
CYCLONE. Therefore, it is desirable to provide a comprehensive and multi-functional 
object to manage the interaction among modeling components.  
Normally, components involved in an interaction activity share the activity related 
parameters, such as the duration of the activity. In the CS2 model, a criteria object is 
employed in order to manage the interaction activities of the components at the 
component relation level.  This criteria object groups the “sharing” information of each 
22 
respective interaction and the preconditions for the interaction. These preconditions 
include resources availability, physical relations, functional dependency, construction 
space occupation, safety and weather. Although some of these factors are not the essential 
elements in a simulation system, others such as resources availability, physical relations 
of the resource components, functional dependency and weather, have an important effect 
on simulation modeling. Furthermore, the criteria object records the “sharing” 
information among the components involved in the interaction, such as the duration of 
loading. Each component involved in the interaction shares the parameters, attributes as 
well as the preconditions for initiating the interaction. Taking the earth loading case for 
example, a criteria object lists the precondition for the loading, including the availability 
of scrapers, pushers and earth, and the duration of the loading. With this explicit 
representation, the shared information of one component consists with those of others. 
The possibility of mismatch or inconsistency is removed by the criteria object. Besides 
this, criteria objects also facilitate the parameter modification of the interaction. In the 
earth loading case, the modification of the value or distribution of the loading duration 
can be performed easily by changing the parameters in the load criteria object, instead of 
searching each component involved to change the according parameters one by one.  
 
3.1.3 Two Level Presentations 
RISim provides a good approach to simplify the model representation using two-level 
abstraction. In the CS2, the resource reusability in library-based approach and the two-
level modeling strategy are inherited to simplify the model development process.  
A two-level diagram is used in CS2 model to describe construction operation in the 
modeling systems, namely, a process flow level diagram and a component-relation level 
diagram. The process flow diagram provides a detail abstraction of the model. At this 
23 
level, the flow of the component states is clearly presented. On the other hand, the 
component-relation level diagram is a higher lever abstraction providing the overview of 
the simulation model exhibiting the interactions of the components (Figure 3-1). As 
shown in the figure, the box in the diagram presents a state of a component, while the 
diamond in the component relation level diagram refers to a criteria object. In this way, 
the detailed process level of the component may be modified without affecting the inter-
component simulation logic at the component relation abstraction level.  
 
 
Figure 3-1: The relation of the Component Relation level and the Process Flow level 
 
3.2 THE BASIC CONCEPTS OF CS2 MODELING 
The model comprises four basic modeling elements: a complex component object, a 




Figure 3-2: Basic Modeling Element 
 
3.2.1 The Component Structure 
Previous work mainly focused on resource components such as labor, equipment, 
material, time and space (Liu, 1992). Chua and Li (2001) classified the resources into two 
groups as Simple Resource or Complex Resource depending on whether they have state 
changing methods (activity) or not.  
The term component has been used to include all resources and building elements 
(such as trench or beam), which are relevant to the component operation. The Component 
in the model is categorized into two groups: the Complex Component and the Simple 
Component. The information contained in each component comprises three parts: (1) 




Figure 3-3: Information of Integrated Component 
 
Component type: Simple Component and Complex Component 
Component type is an index for different data structures and component functions. A 
complex component is different from a simple component in the manner of state 
changing. The complex component, e.g. truck or dozer, has its own state changing 
method (activity). A simple component, such as dirt or concrete, is associated with a 
complex component during the simulation process. A simple component changes its 
states by referring to its associated complex component.  
The component type is determined by its role and priority in the project, as well as 
the objectives of the study. One component can be treated as complex component in one 
project, while it can be considered as a simple component in another one based on its 
function in the project. For example, in the project of pipe laying, the labor component is 
treated as a complex component because it is actively engaged in activities such as 
preparing trench and backfill. It may have state-changing method, such as preparing 
trench or backfilling. In an earth-moving operation, on the other hand, the labor, such as a 
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truck driver, may be considered as the simple component. In this operation, the truck 
driver changes its state identically with the associated truck.  
 
Component attribute and Sub-component 
Component name is one of the major attributes of a component. It provides the link to the 
corresponding component in the component library. This linkage would allow the 
component to inherit the pre-defined sets of component states in the library. Other 
Component attributes include the specifications of the components. The specification can 
be “amount of earth” for a truck or “capacity” for a dozer. Each specification has a value, 
which could be a digit or a distribution.  
The component object may have several sub-components, which inherit all the 
attributes and the component state structure of the component except the value of the 
attribute. Each sub-component under the same component object may have different 
values in its attribute specifications. For example, sub-component “Truck 1” and “Truck 
2” can have the identical states and attributes with each other, but different value for the 
attribute specification of “Capacity”.  
 
Component state  
The states of a component represent all the possible status of objects in the construction 
operation. This state information helps to manage the simulation process and provides the 
in process information of the components during simulation. The states in both complex 
and simple components form a cycle-state chain, a linear-state chain or a combination of 
both. The states chain maps all the possible state changes of the component object. 
The cycle-state chain describes a component which begins and terminates at the 
same state. This is common in components which repeat a set of operation, such as trucks 
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and spotters. Truck Component, for example, has a states chain: Load Æ HaulÆ 
OffloadÆ Inspection ÆLoad as depicted in Figure 3-4. 
  
 
Figure 3-4: Cycle State Chain for the Truck Component 
 
The linear-state chain begins and terminates at different states, illustrated in Figure 
3-5. In this case, the typical states chain for “Trench” component can be: Excavate Æ 
Prepare_trench Æ Lay_pipe Æ Backfill Æ Close_up. 
 
 
Figure 3-5: Linear State Chain for the Trench Component 
 
 Associated with each state in a complex component is a state-changing method. 
Physically, the method corresponds to an activity in the operations. In the truck examples 
of Figure 3-6, the state “Haul” has a state changing method to transit the truck state to 
“offload” after it has finished the hauling activity. The type of the state-changing method 
is determined by the pre-conditions, either as an inherent state-changing method or an 
interaction state-changing method. The inherent state-changing method will start its 
corresponding activity as soon as the component transits to the state. While the 
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methodology of interaction state-changing method is different. The corresponding activity 
will not start until its pre-conditions in the associated Criteria object are satisfied. In both 
methods, the component will change to the next adjoining state when the duration of the 
activity is passed. 
The simple component does not have its own state-changing method. Instead, it 
makes reference to the associated complex component for state changing as in the earth-
moving problem. When the Truck Component changes from “Haul” to the “Offload” 
state, the state of the Earth Component is changed from “Haul” to “Offload” accordingly. 
When the states of the simple components are not worth tracking in the simulation, 
simple components can operate solely with its attribute without “state” changing to 
simplify the modeling. 
To control the flow of components, a branch method is associated with complex 
components. It provides a mechanism for the component to transit from its current state to 
one of several possible succeeding states, as in Figure 3-6. This process is facilitated by a 




Figure 3-6: Truck States Chain with Branch Method 
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As shown in Figure 3-6, the “Inspection” state is only needed for the trucks those 
require attention. To control the flow of the trucks, a “Branch” method is used to provide 
the probabilistic branching. The probabilities are specified in the branch rule.  
The states chain explicitly presents the state flow of both complex component and 
simple component. This flow is presented in the process flow level abstraction in the 
model. The component and its states chain can either be (1) imported from the component 
library, if it exists in the library, (2) modified from existing ones or (3) built by the user.  
 
3.2.2 Criteria Object 
A Criteria object is used in the model to manage the interaction process of the 
components at the component relation level in the operation modeling. It triggers an 
interaction activity only when all of its pre-conditions needed in the method are satisfied. 
These preconditions include, but are not limited to, resources availability, physical 
relations, functional dependency, construction space occupation, safety requirement and 
weather. Criteria object consists of three parts: the interaction linkage, the criteria 
specification and update methods, as in Figure 3-7. 
 






The interaction linkage is an index to show which components will interact with each 
other. The criteria object only provides the connections of the according state of the 
component involved in the interaction. Subsequently, the flow of the component entities 
enter the succeeding adjoining states as specified in process flow level diagram of these 
components. 
 
Criteria Specification   
Trigger specification presents the expression of the precondition of the interaction 
activities. Criteria object employs logic expression to enhance its ability to represent 
complex criteria specification. Basically, an expression can be composed of any elements 
from the following three categories, a value, the attributes and states of the Components, 
and operators. 
The value can be either a constant or a distribution. The constant includes the 
integer, real, string and the Boolean values (true and false). A value also can be presented 
in the distribution formats, such as Normal distribution, log Normal distribution and so 
on.  
The attributes and state information of both the simple component and complex 
component are normally expressed with a logical expression. This information can be 
expressed using the following format: “Component.Value” or “Component.State.Value”. 
In this way, the criteria object can interpret the value of any attribute of the component 
involved in the interaction automatically at the programming level.  
Several kinds of operators are provided, such as arithmetic, comparison, and logical. 
Arithmetic operator includes + (addition), - (minus or subtraction), x (multiplication) and 
/ (division). Comparison operator includes > (greater), >= (greater or equal to), < (less), 
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<= (less or equal to), == (equal to), and <> (not equal to). Logical operator includes 
"AND" (conjunction), "OR" (disjunction) and "NOT" (non-). 
For example, the Criteria object “Offload” in Figure 3-8, shows the interaction of 
two components, Truck and Spotter, involved in the offloading process. The Criteria 
object contains the pre-conditions for the “Offload” method. The “Offload” activity can 
only be triggered when these conditions are satisfied. Otherwise, these components will 




Figure 3-8: Criteria Object “Offload” linkage and Criteria Specification 
The criteria in this example can be simply specified as “Truck.Offload.ready AND 
Spotter.Offload.ready”. These components must be in the ready (inactive) condition in the 
“Offload” states before the activity, which is specified as “ready to offload” in the 
Criteria Specification.  
 
Update Methods 
Once the Criteria expression is fulfilled, the criteria object will trigger and update the 
state position of each component involved in the interaction based on update methods. 
The update method manages the “sharing” attributes of these involved components. 
Basically, this kind of attribute is the major index of the interaction activity, which has 
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the same name and type as those in each of the involved component. Criteria object has 
the priority to “overwrite” the value of the component attributes, recorded in each of the 
associated components. The attribute value can be a number, the result of embedded 
algorithm, a distribution or any combination of them. Criteria object updates the 
“sharing” attribute value based on the real world data. Taking loading truck for example, 
the duration can either be the normal distribution with the mean of 20 minutes and the 
stand deviation of 4 minutes or the result of the following the embedded algorithm: 






CT ,                                                                             ( 3-1) 
Where Load Time is the attribute of the load Criteria, TD denotes the cycle time of dozer, 
which follows the normal distribution and is randomly generated based on the input of the 
mean and the stand deviation; CT refers to the capability of the truck; and CD refers to the 
capability of the dozer.  
 
3.2.3 The Arrow Object 
The arrow object plays different role at different modeling level in the modeling system.  
At the process flow level, the arrow object indicates the flow direction, describing the 
sequence of the component states. At the component-relation level, on the other hand, it 
indicates the relationship of the involved components by connecting the interaction 
components via the criteria object. The detail and examples of the arrow abject is 






3.3 MODELING DEVELOPMENT  
Based on the Component-State-Based Criteria Simulation (CS2) modeling concept, this 
section introduces the process of building the simulation model. This process includes the 
following steps:  
1.  Component Identification: This step recognizes the major component involved 
in the construction operation modeled. The identification of the component is an 
essential part, because it indicates the level of modeling detail incorporated into 
the operation model. Component type for these components is identified in this 
step as well.   
2.  Building the Component Inherent Cycle: This step identifies the full set of 
possible states of these components and forms the inherent cycle for each of these 
components.  
3.  Linking the Interaction Activity with the Criteria: This step links the 
interaction activity between components with criteria object and determines the 
criteria specification and update methods for each criteria object.   
4. Component Specification: The last step specifies the component attributes and 
the information about the whole simulation program.  
 
3.3.1 Component Identification  
The first step identifies the major components at the construction site to be modeled and 
their component types. This step requires the knowledge of the construction and is highly 
based on the objective of the modeling. In a normal project, the components selected are 
labor, machines, material, building elements, space, and time (schedule). Taking the earth 
moving operation for example (Halpin and Woodhead, 1976), the front end dozer loads 
trucks with dirt for transport to a dump area, as in Figure 3-9. This operation involves 
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components such as truck, dozer, dirt stockpile, truck driver, dozer operator, 
transportation distance and the dirt. The major component objects in the simulation are 
identified as truch component, dozer component and earth component. As for the rest, the 
drivers of the truck and dozer can be combined with their respective equipment, and 
transportation distance can be integrated with the duration of the haul activity.  
 
Figure 3-9: Diagram for classic earth moving (Halpin and Woodhead, 1976)  
 
The major selected component can be categorized into two groups, simple and 
complex component. A complex component has its own state changing method (activity), 
while a simple component changes its states by referring to another complex component’s 
states cycles. In this earth moving example, since the truck and the dozer are active in 
their state changing and essential elements related to the duration and the productivity of 
the operation, they are identified as complex components. On the other hand, earth 
component is treated as a simple component with its states attached to those of the trucks 
which carry it.  
 
3.3.2 Building the Component Inherent Cycle 
After the components involved are identified and their types are set, this step builds the 
inherent cycle for these components. This step entails identifying all the possible states of 
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a component, and linking them to form a states chain according to operation logic. These 
states chains form the process flow diagram of the component, which provide a detail 
resource flow of the component modeled in the real operation.  
A state is usually associated with a construction process. These states can be 
identified by importing from the component library or built by the modeler. If a 
component is already in the component library, it can be directly selected and inserted 
into the model, otherwise a new component can be generated and stored into the library. 
For the truck in the earth moving example, the possible state includes: loading the earth, 
hauling the earth to the dumping area, dumping the earth, returning to the loading place, 
and possible inspecting. Since the state “dumping” can be finished by the truck 
component itself and just follow the state “hauling”, these two states can be readily 
combined into the one state “hauling” to simply the model. Following this way, the 
duration attribute of the new “hauling” state is the combined the duration of hauling and 
dumping. The main purpose of this step is to present the inherent cycle of components 
accurately and properly. The name of the attributes and their value will be modified in the 
last step, component specification. 
At the process level, the inherent cycle for “Truck” is: Load Æ Haul Æ Return Æ 
Branch Æ Inspection and Load, while that for “Dozer” is: LoadÆ Branch Æ Inspection 
and Load. The process level diagrams for each component are depicted in Fig 3-10. The 
branch rule for each branch methods are specified in this step according to the real site 
condition. For the earth component, the state could be tracked as Load (w/ Truck) ÆHaul 
(w/ Truck), if needed. In this application, it is not necessary to track the earth’s state. No 
reference state method is set for earth component.  
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Figure 3-10: Process Flow Diagram of the Truck and Dozer 
 
3.3.3 Criteria Identification 
As discussed in the model architecture section, the Criteria object is the core of the two 
level representation of CS2 model. The component-relation level diagram provides the 
overview of the simulation model describing the interaction of the components using 
Criteria objects. Essentially, it contains the condition for the interaction at the component 
level. The preconditions are provided in the criteria specification. The Criteria 
Specification also elaborates how the interaction will take place, e.g. the factor as the 
duration. The criteria object provides a means to manage the interactions of the 
components at the component relation level.  
The criteria object can be imported from the Criteria object library. Then it may be 
modified to fit the actual site condition. In the earth moving example, the activity “Load” 
is the only interaction among the components. It is controlled by the “Load” Criteria 
object. This load process requires an available “Dozer” to participate in a “Load” activity 
with an empty “Truck” at the site. The specification for the interaction Criteria is, 
“Truck.Load.ready AND Dozer.Load.ready AND Earth.amount.available”. The initial 
value for each simulation object in each Component, e.g. a truck in Truck component, is 
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set based on the simulation knowledge. For example, the truck object initial state value is 
Load.ready. Fig 3-11a shows the model diagram of the earth-moving example using a 
process oriented simulation type approach. The component relation level abstraction 
diagram in CS2, on the other hand, provides a model representation of the same 
interaction logic in Fig 3-11b.  
At the process flow abstraction, the inherent cycle of each component specifies how 
the component flow would continue after the interaction. Following the process flow 
diagram of Fig. 3-10, the loaded “Truck” will haul its cargo to the location and return to 
the site either for inspection or loading according to the probability assigned in the 
Branch method. The “Dozer”, on the other hand, follows its own states cycle till the 
operation terminates when all the earth had been transported to the site.  
(a)                                                                        (b) 
 
Figure 3-11: Modeling diagram for earth moving program: an approach following 
process-oriented (left) vs. the proposed CS2 model  
 
3.3.4 Component Specification 
The last step is to specify all the information related to the component, including 
component attribute and the number of entities in each sub-component. Both complex and 
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simple components have their sets of attributes such as capacity, amount, speed, and so 
on. These attributes have direct effect on the interaction between components and states 
change. The value of the attributes can be set either in the model, e.g. capacity of the 
truck, or from the screen during simulation running. The number of entities in each sub-
component, for example, is one of the key parameters of the simulation that controls the 
balance of resources in each sub-cycle of the operation. This kind of parameter is the 
index of the different alternative of the resource balancing and is closely related to the 
productivity of the whole project. Since this kind of parameter will be changed frequently 
during multiple testing of the simulation program, it will be set from the screen when the 
program is running.  
Taking truck-loading for example, the modeling strategy of process-oriented and 
CS2 modeling are demonstrated in Figure 3-12. In this case, a loader loads two types of 
trucks, 15T truck and 20T truck. The process oriented modeling requires two sets of 
process diagram (for 15T and 20T truck respectively) to represent the identical loading 
process. Based on the diagram, two sections of simulation programming source code with 
the same logic would be required to describe the process. In Fig 3-11b, Truck Component 
object represents the group of all trucks with the inherited “capacity” attribute and states-
chain cycle. Sub-components have the identical attributes type but with different attribute 
values. For example, a group of 20T capacity and 15T capacity trucks involved in the 
same earthmoving operation can be grouped into sub-components “20T Truck” 
Component and “15T Truck” Component under the same “Truck” Component. “20T’ and 
“15T” are set as the values for capacities of respective sub-components. The number of 
entities for each kind of sub-components can be input from the screen during simulation. 
Each truck under both sub-components is treated as an entity in the model, which can be 
tracked separately. In the simulation programming level, the “load” criteria object “reads” 
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the capacity of each truck and dozer, and calculates the load duration following the 
embedded algorithm. After that, the value of duration is sent to the component involved 
(the truck and the dozer) and overwrites the existing value in each component. Compared 
with process oriented approach, e.g. CYCLONE (Halpin, 1977), CS2 model reduces the 
amount of the icons as well as the complexity of the simulation logic presentation as in 
Figure 3-12.  
 
 
Figure 3-12: Process oriented Simulation diagram (above) vs. CS2 method diagram 
 
3.4 EXAMPLE APPLICATION 
In this Earth-moving operation, three components are involved.  “Truck” and “Dozer” are 
complex component, and “Earth” is a simple component. At the process level, the 
inherent cycle for “Truck” is: Load Æ Haul Æ Return Æ Branch Æ Inspection and Load, 
while that for “Dozer” is: LoadÆ Branch Æ Inspection and Load. The process level 
diagrams for each component are depicted in Figure 3-10.  
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The interaction of there components only occurs in activity, “Load”. This is 
controlled by the “Load” Criteria object. This load process requires a “Dozer” to 
participate in a “Load” activity with an empty “Truck” at the site. The specification for 
the Criteria is, “Truck.Load.ready AND Dozer.Load.ready AND Earth.amount.available”. 
After loading, the loaded “Truck” will haul its cargo to the location and return to the site 
either for inspection or loading according to the probability assigned in the Branch as 
depicted in the dialog box of Figure 3-13. The “Dozer” follows a similar states cycle till 
the operation terminates when all the earth had been transported to the site. 
 
 
Figure 3-13: Branch Dialog Box for “Truck” 
 
 “Amount” is the single attribute belonging to the Earth Component. In this 
application, it is not essential to track its state; therefore, no reference state method is 
necessary. The inputs of the application example are specified in Table 3-1. 
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Table 3-1: State Method of Complex Components 
 
The component attributes will be input when the program is running. A snapshot of 
the interactive input screen is shown in Figure 3-14. With this interactive environment, 
different truck and dozer combinations could be tested in separate run of the simulation 
model.   
 
 
Figure 3-14: Input from the screen 
The model can track the attribute of the components at the entity level as 
demonstrated in Table 3-2. Performance statistics can be provided for each entity 
involved in the simulation. In the table, there are seven trucks involved in the testing run, 
Attributes 




Truck 3 20(T)  Load Set by Criteria 
 4 15(T)  Haul Normal ( 45.0, 5.0 ) 
    Return Normal ( 40.0, 5.0 ) 
    Inspection UniformReal (10.0, 90.0 ) 
Dozer 2 5(T) Normal (10.0 1.0) Load Set by Criteria 
    Inspection UniformReal(20.0,100.0) 
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and the statistics of each truck is shown. In this example, the percentages of the busy time 
of the trucks and dozers had been calculated. The number of instances that each truck was 
served or dozer had served had also been tracked. 
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Table 3-2: Output Report of “Truck” and “Dozer” Complex Component 
  
Input parameters for Multi truck / Multi dozer: 
Number of Trucks: 7 Number of Dozers: 2 Earth amount is 1000.00 
Simulation results : 

























(T) 20 20 20 20 15 15 15 / 5 5 / 
Busy 
Percent 81.55% 74.28% 71.77% 67.83% 70.48% 73.51% 83.74% 74.74% 79.18% 77.35% 78.27%
Number 






This chapter described the Component-state-based criteria simulation model for 
construction simulation, which is developed and presented at two abstraction levels. 
Component objects possess an inherent cycle that is built at the process level 
abstraction. These component attributes and associated states chain can be built from 
the component library or new ones may be added. The constructed components are 
employed at the component relation level to model the interaction of the component 
in the operation. The Criteria object makes the interaction explicit in the model. It also 
specifies the preconditions that ought to be satisfied before interaction can be 
triggered. Following this methodology, presentations of inter-component and intra 
component relation are improved with the two abstraction level diagrams. Criteria 
object also facilitates presenting and further modification of the component relations. 
One case example was introduced in this chapter utilizing this methodology. The next 




EXPERIMENTS AND ANALYSIS  
 
This chapter presents a detail case study of using CS2 method to model and analyze 
different construction operation scenarios in precast concrete fabrication and 
installation operation. First, the modeling issues related to precast concrete fabrication 
and installation are reviewed. Then, a precast concrete project in Singapore is 
modeled using CS2 method. Finally, different managerial scenario of the case study is 
modeled and analyzed.  
 
4.1 INTRODUCTION 
Precast concrete construction is a major part of many construction projects. This type 
of prefabricated construction can be separated into two phases: fabrication and 
installation (erection). The primary resources involved in fabrication are the precast 
formwork (also known as the precast molds), the utilization rate of which determines 
the pace of the fabrication. The variances in the supply of rebar, concrete and other 
resources may also have an effect on the pace. In addition, the throughput of the 
erection phase controls the throughput of the precast concrete construction. This 
throughput is mainly affected by the amount and capacity of precast concrete 
component erector’s crane, various erection site conditions along with the movement 
of the crane and precast concrete supply.   
The main issues related to the precast concrete fabrication phase are precast site 
layout, inventory control and production scheduling (Chan and Hu, 2002). For an 
existing precast plant, inventory control and production scheduling are the two major 
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managerial considerations. During prefabrication, it is essential to assign the 
demanded components to the appropriate precast forms or mold. The situation 
becomes complex if some molds can only be used for specific components and a 
group of precast components must follow a predefined sequence. At the prefabrication 
site (or plant), it is typical for the plant managers to address production scheduling 
issues, e.g. when, which, and how many components should be produced to meet the 
delivery schedule.  
The erection of the precast concrete components is another major part of precast 
concrete construction. The issues involved in this process are erection site condition, 
delivery of the precast concrete component and assembly method on site. All these 
issues have a strong effect on the pace of the precast erection. The weather conditions 
on site, breakdown and maintenance of the cranes, variation in complexity of 
structural elements, and other potential site impacts add significant variability to this 
process. Since the erection process is typically a critical path activity, the variance in 
erection pace can push the fabrication plant into a position to precast the concrete 
component very much ahead of time to ensure the availability. A traditional 
production scheduling method for prefabricators is to calculate early and late activity 
starts and finishes using the Critical Path Method (CPM). In this schedule, 
prefabricated concrete components are expected to start at their earliest possible date 
so they do not delay successor erection activities. However, this method can cause the 
unscheduled accumulation of in-process inventories due to the continuous fabrication 
while delays in the erection are occurring. It might lead to extra expense of precast 
component storage and the consume of working capital.  
Pull-driven scheduling can reduce unscheduled in-process inventories and 
associated costs. Previous research has indicated that pull-driven scheduling can 
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significantly improve the manufacturing process (Ballard and Howell, 1995). In pull-
driven scheduling, activities are started according to the demand of succeeding 
activities. It is an application of the Just-In-Time (JIT) theory and emphasizes that 
fabrication starts as late as possible based on the schedule of the installation. In this 
way, the storage between the fabrication and the installation is minimized. However, 
pull driven schedules tend to be hampered by the uncertainties in the fabrication 
process. This is particularly noticeable in the case of the precast concrete plant where 
variances occur as a result of the plant condition and variances in the supply of 
materials. Any delay in the fabrication process will cause delay in the installation, 
which means delaying the project. 
Taking into account buffers between the fabrication and installation, the pull-
driven scheduling method can aim to reduce in-process inventories while shielding 
the project from uncertainties. To test and evaluate this new scheduling method, CS2 
modeling is used to model and simulate different types of scheduling alternatives. CS2 
employs a criteria object to list and check component states before initiating the 
interaction activity. The criteria object enhances model representation at the resource 
level of abstraction. It also groups the preconditions for each interaction into its 
respective criteria object location so that any modification to the preconditions can be 
easily implemented. In addition to the interaction method, the component object has 
inherent state changing methods. Taking advantage of the criteria object, different 
managerial decisions can be evaluated and tested without remodeling the entire 
project or process. 
This chapter presents the process of using CS2 to model and evaluate the 
scheduling scenarios based on this theory. A case study of precast concrete site of a 
light rail transit (LRT) construction project is modeled and analyzed. With the 
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simulation model built on CS2  method, different scheduling scenarios to reduce the 
variances in the prefabrication site are illustrated and tested.  
 
4.2 MODELING : PRECAST CONCRETE FABRICATION AND ERECTION 
This example is based on the Punggol light rail transit (LRT) project in Northern 
Singapore. It is a S$450 million project with a total length of 10.3 Kilometer above 
the ground rail way. The project is expected to be finished by the end of 2004. In this 
project, there are two LRT loops: a west and an east loop, as shown in Figure 4-1, left 
and right respectively. This project involves a broad spectrum of work from heavy 
construction works (e.g., excavation, foundation, precast, and erection) to mechanical, 
electrical, communication and plumbing. Construction of the viaducts and the railway 
beams was subcontracted to a specialty contractor. Other contractors were also 
responsible for station construction including the mechanical, electrical, and 




Figure 4-1: Overview of the Punggol LRT project in Singapore 
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During the period of research, two subcontractors in the same construction 
company worked on precast beam prefabrication and erection separately. Two 
erection cranes, (also known as the launchers), are in use – Launcher A for the East 
Loop and Launcher B for the West Loop. For fabrication part, precast beams for both 
launchers are produced in a nearby precast site.  
Each beam comprises a number of segments. The number varies from eight to 
twenty-four. These segments are fabricated following a “tooth” matching mechanism 
in order to match one segment with those adjoining segments. These segments can be 
classified into two groups: END segment, the first one and the last one, and 
NORMAL segment, the remaining sections. These two types of segments should be 
cast in the END Mold and NORMAL Mold respectively. A new beam can be started 
with any Normal segment. In order to keep each segment matched with the adjoining 
ones, when any new segment is cast, one conjugate segment (normally an adjacent 
one) is employed as part of the mold. When the first normal segment of the beam is 
cast, any existing Normal segment can be used as the “conjugate” segment. This 
mechanism is named “tooth” mechanism since the segment matches the adjoining 
ones like the teeth. Following this technique, one possible cast sequence is shown in 
Figure 4-2, assuming that one segment takes one day to cast. After segment 2 of the 
beam is cast on day 1, it is used to cast segment 3 on day 2, while segment 2 and 
segment 3 can be used to cast segment 1 and 4 respectively on day 3. In fact, the date 
to cast segment 1 is quite flexible and can be any day after day 2 when segment 2 is 
free. Following this sequence, the last segment, segment 7, is cast on day 6 and the 
entire beam is ready after this segment cures.  
There are two types of beams; single and double. Double beams are used for the 
railway between stations while single beams are used for the stations. Single and 
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double beam are cast on the single mold and double mold respectively. The launcher 
can erect both kinds of the beams following the launching schedule.  
 
Figure 4-2: Tooth matching mechanism of the segment casting 
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When the last segment of the beam has been cast, the whole beam needs some 
time to cure. After curing, the beams will be checked, a few of which may need two 
days to repair and the rest of which can be moved to a temporary inventory area 
waiting for launching.  
 
4.3 CS2 MODEL AND DATABASE 
In this section, the modeling process of using CS2 method is introduced. First the 
database structure of the complex component is presented. After describing the 
inherent cycle of the Components based on the database structure, the two-level 
modeling diagram is illustrated and elaborated.  
In the fabrication phase, several main components involved are steel (rebar), 
concrete, Normal molds, END molds, and beams consisted of segments. Since the 
steel and concrete are supplied by another sub-contractor and can be delivered to the 
precast site in a few hours based on a phone order, these two components can be 
ignored in the simulation analysis. The Normal mold and the End mold perform a 
similar function in the model, so they can be grouped into one ‘Mold’ component 
with different attributes. As a result, the major components in this operation are the 
Beam Component and the Mold Component. In the launching phase, the key 
components include the Beam Component and the Launcher Component.  
 
4.3.1 Database in CS2 
The challenge to model this case is the relationship between beams and segments. In 
the fabricate phase, the beam is cast at the segment level and these segments have to 
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be cast following the “tooth” mechanism. In the launching phase, on the other hand, 
the beam is launched at the beam level. A launcher can erect a beam at one time.  
As one of the features of the CS2, the attribute of the component can be 
expanded to relational database if necessary. Taking the beam object for example, one 
beam component comprises of a number of segment. A segment, named with primary 
key segment ID, may have a couple of attribute, e.g. Casting date and Casting mould, 
as in Figure 4-3. Similarly,   each Beam Component has several component attributes, 
e.g. length, Launching sequence, plan launch date, beam ready date, launching date, 
casting finish date, beam type, and scheduled casting date. The beam and segment 
have the one-to-many relation in the relational database. Based on this beam-segment 
relation chart, Beam component is used in modeling and interact with the Mold 
Component and the Launcher Component.  
 
 




Similarly, the beam-mould-launcher data relation is presented in Figure 4-4. As 
shown in this chart, the mould and the segment have a one-one relation, since a mould 
can only cast a segment at one time. While the segments and the beam have a one-to-
many relation. In other words, a Beam component may interact with several Mould 
Components at the same time in the simulation. The Launcher Component and Beam 
Component have a one-to-one relation since one launcher can erect a beam at one 
time.  
 




4.3.2 Process flow Diagram of the Components 
Based on the database structure, the inherent cycle for Mould Component and Beam 
Component are shown in Figure 4-5.  
 
Figure 4-5: Process flow diagrams for Mould Component and Beam Component 
 
In the launching phase, the key components include Beam Component and 
Launcher Component.  To achieve the better performance, the launcher is inspected 
occasionally (as in Figure 4-6).  
 
Figure 4-6: Process flow diagrams for Launcher Component 
 
The two-level modeling strategy: component relation level and process flow 
level are illustrated in Figure 4-7. As shown in the figure, the Cast Criteria Object in 
component relation level diagram manages the precondition of the casting activities, 






Figure 4-7: Component relation level (above) and process flow level diagram of  
precast concrete beams fabrication and erection model 
 
Component attribute 
The attribute of the Beam includes the beam id, beam type, beam length, the segments 
detail, the launching schedule and so on. The attribute of segment information is 
linked to another table following the relational database structure. The precast beam 
between Station 2 to Station 4 in the East Loop and Station 3 to Station 5 in the West 
Loop were used to validate the modeling and test different managerial decisions. The 
application employs 20 molds, 87 beams, and more than 900 segments. The estimated 
project duration is approximately 5 months. 
 
Table 4-1: Input of the simulation 
 
Component Attribute Value States Attribute Value (Days) 
Beam Beam Type Double/Single Cast Duration Set by Criteria 
   Curing Duration Normal(13.0,1.0) 
   Check Duration 2 
   Launch Duration Set by Criteria 
Mold Mold Type 
Normal Double, Normal Single, 
End Double, End Single Cast Duration Set by Criteria 
Launcher   Launch Duration Set by Criteria 
   Inspection Duration Exponential(4.0) 
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As observed on site, it is common to take one day (eight hours) to cast the 
segments, including removing the previous cast segment; cleaning and oiling the 
mold; setting rebar; and casting. The segments are cured through the night. . The 
erection of a beam also starts in the morning. The erection process of one beam is 
scheduled to take one day on-site. If the erection is not finished during the day, the 
night time is used as the buffer. Overtime is expected if the erection is delayed for 
some reason. The main attribute and the value of all involved components are listed in 
Table 4-1. 
 
4.4 MODELING AND SIMULATION OF ALTERNATIVE APPROACHES 
This section presents how to model different scheduling scenarios using CS2 method. 
The simulation results of different scheduling approaches are compared and analyzed 
at the end of the section.  
 
4.4.1 Push vs. Pull Scheduling  
Traditional scheduling calculates activity early and late start and finish times using the 
Critical Path Method (CPM). This scheduling does not take into account the 
unscheduled accumulation of in-process inventories, which may be caused by 
continuing fabrication or delays in the installation process. At the same time, schedule 
delays occur as construction work proceeds because of the uncertainty in duration of 
activities as well as variation in quantity of work. It is desirable, therefore, to develop 
a method that can minimize in-process inventories while addressing the uncertainty 
inherent in construction processes. 
 Pull-driven scheduling can facilitate the reduction in unscheduled, in-process 
inventories and the associated costs and inefficiencies related to these inventories. 
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Using this method, activities are started according to the resource demands of 
succeeding activities. Pull-driven scheduling applies the Just-In-Time theory and 
emphasizes the start of fabrication as late as possible according to the schedule of 
installation. This minimizes the inventory storage requirements between the 
fabrication and the installation. However, pull driven schedules are easily hampered 
by uncertainties in the fabrication process which can cause critical delays in the 
installation process. 
The concept of pull driven scheduling, taking into account a buffer between the 
fabrication and installation can be an effective approach to reducing in-process 
inventories while protecting the project from uncertainties in the fabrication process. 
Accordingly these two types of scheduling approaches are modeled and compared 
through the Criteria Object.  
 
Push-Driven schedule  
In this scenario, activities involved in the precast concrete fabrication were expected 
to start as soon as all the required resources are available. This is representative of the 
schedule method actually used at the precast site. The cast criteria object, which 
controls the relation of the components, is specified as the casting starts once there is 
one or more molds available, shown as the follows in modeling:  
 
Mold. Availability. ready>= 1                                                                       (4-1) 
 
Pull-Driven Scheduling 
The pull-driven scheduling scenario is also modeled. In this scenario, the demand of 
erection is considered as part of the criteria of starting the casting of a component. A 
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time buffer, including curing period, is inserted into the fabrication and erection 
phases. In this alternative model, one attribute, the SDate, is added to Beam 
component, following the expression: 
 
SDate = PLDate – Sbuffer                                                                              (4-2) 
 
Where SDate = the date the beam should start cast; PLDate= the date the beam 
is planned to launch, which is determined by the schedule; and Sbuffer = the 
suggested buffer of the days. The precondition of the cast interaction comprises 
comparing the current date with the SDate and checking the mold’s availability. 
Casting process starts can be specified as  
 
Beam. SDate >= Today AND Mold. Availability. ready>= 1                       (4-3) 
 
Schedule Comparison 
Figure 4-8 and 4-9 illustrate the comparison of a simulation run for both scenarios. As 
indicated in Figure 4-8, for push-driven scheduling, there is almost no delay for the 
launching while the inventory duration for each beam is somewhat high, around 30 
days. Take the Beam 34 for example, the inventory duration is as high as 50 days. 
This simulation result is consistent with the situation on the site, where the beam 
storage duration is extremely high. On the contrary, following the pull-driven 
scheduling, as in Figure 4-9, the Precast Beam ready curve matches the launching 
schedule very well and the average inventory duration drops to around 9 days without 
delay in erection. For example, the inventory duration is only 13 days for the Beam 
34. The buffer date set between the precast date and the launching date absorbed the 
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uncertainties in both precasting process and the launching process so that no delay 
was experienced. The level of the buffer time could be adjusted further to reduce the 
beam inventory if needed.   
 




Figure 4-9 Simulation Output of Launcher A of Pull-driven Scheduling 
 
Inventory comparison 
As in Figure 4-10, the maximum in-process inventory of beams is 60 and 16, for push 
driven scheduling and pull scheduling respectively. The maximum inventory of push 
driven scheduling is nearly 4 times of that of the pull-driven. The inventory quantity 
of the beams for push-driven increases very quickly to its peak and then drops directly 
to zero, while that of the pull-driven fluctuates around 10 throughout the analysis 
period.  A deduction could be follow that, with the increase of the duration of the 
whole project and the amount of the beams involved, the maximum in-process 
inventory of beams of the early start would increase as well,  while the that of the late 





Figure 4-10: Inventory comparison of Push-Driven and Pull-Driven scheduling 
 
Production schedule 
CS2 simulation supports the schedule output of each component involved in the 
simulation. With this function, each precast beam could be tracked with the schedule. 
Also, the utilization of each mold and launcher could be better controlled. Table 4-2 
and Table 4-3 show partial schedules for Mold M1 and Beam PE23-3. 
Table 4-2: Generated Schedule for Mold M1 (part)  
 
Schedule of Mold One (Single Mold Type) 
 
Day Status Segment Casting 
(BeamID--SegmentID) 
54 casting PE12-2a--7 
55 casting PE12-2a--8 
56 casting PE12-2a--9 
57 casting PE12-2a--10 
58 casting PE12-2a -11 
59 casting PE12-2a--12 
60 Available  




Table 4-3: Generated Schedule for Beam PE23-3 
 
Schedule of Single Beam PE23-3 Type  
Segment ID Day Mold Type Mold ID Status 
1 50 end SE13 casting 
2 42 normal SN16 casting 
3 41 normal SN16 casting 
4 40 normal SN16 casting 
5 39 normal SN16 casting 
6 38 normal SN16 casting 
7 40 normal SN19 casting 
8 41 normal SN19 casting 
9 42 normal SN19 casting 
10 51 end SE13 casting 
 
4.4.2 Discussion 
This section focused on the methodology of using simulation technology to 
demonstrate the differences of push-driven and pull-driven scheduling approach. To 
model the precast project more effectively in the future work, it is desirable to take 
consideration of the effects of material supply chain in fabrication, the mold break 
down, the transportation variance from fabrication to erection and other essential 
circumstances. At the same time, regarding to simulation methodology, only single 
run result is presented in this chapter. The multi-run result is similar to the single run 
in this case, due to the limited amount of random seeds the simulation package has 
included. Therefore, to get a valuable multi-run result, it is desirable to employ a 
better pseudorandom number generation algorithm in the simulation engine, the 
MODSIM III language.  
  
4.5 SUMMARY 
These chapters presented the case study of using CS2 to model and evaluate different 
schedule methodologies. With the criteria object of CS2 modeling, the effort of testing 
 63 
 
and comparison different alternatives was significantly reduced. Next Chapter 






CS2 MODEL TEMPLATE AND ITS APPLICATION 
 
This chapter presents the template format of the CS2 model, which is a medium level 
between graphical modeling diagrams and the simulation source codes. The 
MODSIM III, a general purpose simulation language is used as the simulation engine. 
The templates for the modeling objects involved in the simulation are described, 
including the component object and the criteria object. Then, based on these object 
templates, the Graphic User Interface (GUI) was developed to enhance the interaction 
between the modeler and the simulation program. At the end, a real construction 
operation was modeled following the CS2 model and a simulation program was 
developed using the GUI.  
 
5.1 INTRODUCTION 
The CS2 model includes two major parts, the template, which summarizes the key 
attribute of the simulation elements, and the graphical user interface, which facilitates 
the communication between modeler and the computer programs. 
 
5.1.1 CS2 Template 
CS2 model presents construction operations from the resource oriented perspective, 
which emphasizes the interaction between component objects through criteria objects. 
Each modeling object in CS2 model has its separate set of functions and attributes. 
Each entity under the same object has its separate value of the attributes. All the 
objects are linked through reference method. At the same time, all the component 
states can be presented in the network drawing, the process flow diagram. To detail 
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the symbolic diagram for each object and its states, the template of objects is used to 
summarize the attribute and states information of the modeling element objects. The 
CS2 template aims at facilitating and improving the modeling representation thought 
explicitly identifying and presenting the key information of the modeling element 
object.  
 A template simulation model uses predetermined pattern to specify the inter-
resource relationships in the simulation. These templates are normally target at a 
specific project or a detail construction operation, e.g. earth-moving (Liu, 1998). 
These templates simplify the process of model development to some extent; however, 
they cannot be reused easily for other projects and not applicable to simulate 
complicated construction operations. Moreover, the project level template is not 
compatible with one another. When the amount of the project increases, the modelers 
have to spend more time to learn the different types of templates and different sets of 
parameters. 
The proposed object template summaries the attributes information and 
simulation related information about each simulation element instead of a project or a 
construction operation. This approach arms at enhancing the templates reusability and 
reducing the complexity of the modeling process. By presenting the template from the 
modeling object’s view, the CS2 template for each modeling element can be reused, 
e.g. component object or criteria object. At the same time, the template reduces the 
complexity of learning the grammar and the structure of a simulation language, 
MODSIM III, by summarizing the attributes and other information in a table format. 
The CS2 template provides the attributes information for modeling elements following 
the CS2 model structure in a table format. These attributes include the necessary 
information for MODSIM III. Following the transformation mechanism, the attributes 
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information can be translated into MODSIM III source code, which can be executed 
by MODSIM III simulation engine.  
 
5.1.2 Graphical User Interface 
Based on these templates, a graphic user interface is built to facilitate the model 
development and improve the computer user interaction. This graphical representation 
can help modelers to identify inaccuracies in their constructed models and facilitate 
non-professionals to understand simulation better. 
Visual programming is a vital solution to improve the communication between 
the user and the computer programs (Liu 1991, Hajjar and AbouRizk 1996). Both 
COOPS (Liu 1991) and ACPSS (Liu 1996), provided a graphical interface 
environment based on standard Microsoft Windows application for modelers to 
perform system modeling. Similarly, the special purpose simulation (SPS) (Hajjar and 
AbouRizk, 1996, 1998) presented a graphical user interface to control modeling and 
to offer a more effective method for presenting system models. EarthMover, a project-
specific simulation software program developed by Martinez (Martinez 1998), 
introduced a graphical interface to facilitate modeling development which limited to 
the earth moving problem.  
As part of the CS2 method, a graphical user interface (GUI) is developed using 
the Microsoft Visio and Visual Basic for Applications (VBA) based on the CS2 model 
template together with Jeff Lee, a final year undergraduate student in National 
University of Singapore. With the GUI, the construction operation can be modeled 
following the CS2 Template. The simulation models are finally translated and 





Figure 5-1: The relation between CS2 template and graphic user interface 
 
5.2 TEMPLATE STRUCTURE 
This part introduces the template structure and the transformation mechanism between 
the template and the corresponding source code. The object templates provided in 
CS2 model includes, the component Object (both the state method and branch 
method) and the Criteria Component Object (consisting of the Criteria attribute as 
well as the update method). 
The template structure of the modeling element objects are illustrated in the 
following sections. At the end of the section, the transformation mechanism between 
the template and the programming sources code is also introduced with examples.  
 
5.2.1 Component Object Template 
As stated in chapter 3, complex component has both the attribute and the state 
changing method. Each component owns a number of simulation modeling related 
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attributes. Based on the case simulated, the priority of these attributes might change 
accordingly. Instead of listing all the possible attributes in the template, a general 
attribute is employed in the template structure. The number and the type of the 
general attribute can be set according to the specific simulation environment and the 
detail level of the simulation modeling.  
The complex component has two kinds of methods, the state method and the 
branch method. In accordance with this structure, two templates are set for complex 
component, namely, State method template and the Branch method template.  
State Method Template 
This template summerises the necessary information defining the state method: the 
state method name, the method type the state attributes and the linkage between 
states, as in Figure 5-2. Each state in the state-chain of a complex component has its 
own template. 
 Component Component Name   
ComAttribute Attribute Name   
State Method Method Name Method Type 
StAttribute Attribute Name Value 
Next Name of the Next State   
 
Figure 5-2: The State Method Template of Complex Component 
In particular, it lists the component parameters comprising component name, 
attribute name, method name and type, attribute name and its value, and name of the 
next state. Both the Component attribute and the state attribute can be expanded to 
more than one item if necessary. The value of component attribute and the value of 
the state attribute can be set either when the simulation program is excurate or when 
component is generated at modeling process. Following this, modeler may test 
different combination of component attribute values to compare different alternatives. 
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Taking the launcher object in Chapter 4 for example, the Launch state method of the 
Launcher object is specified in Fig. 5-3, the Launch State is an inherent state changing 
method, with a state attribute of launching time following a normal distribution with 
the mean of 10 and stand variance of 1. As specified in the template, the succeeding 
state of “Launch” state method is “Inspection”.  
Component Launcher   
ComAttribute Capacity  
State Method Launch Inherent 
StAttribute Launching Time Normal (10, 1) 
Next Inspection    
 
Figure 5-3: The example State Method Template of launcher 
 
Branch Method Template   
The branch method provides a mechanism, through which the component can transit 
from the current state to any of the several possible succeeding states. The main 
attributes of the branch method template are the linkage of those states (with both the 
preceding one and the succeeding ones) and the probability assigned to each of the 
possible succeeding state as in Figure 5-4. The branch rule can be a mathematic 
probability of the succeeding states. 
Component Component Name   
ComAttribute Attribute Name   
Branch Method Method Name  
Rule  Rule Name Value 
Next Name of the Next State 1 Name of the Next State 2 
 
Figure 5-4: Branch method template Complex Component 
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The offload Branch for Truck Component mentioned in the earth moving 
example can be specified as the Figure 5-5. A probabilistic rule is employed in this 





Figure 5-5: Branch Template for Truck Offload 
 
The Transformation Mechanism for State Method 
The object template acts as the intermediate level between the user interface and the 
source code. Each template owns a translation mechanism, following which the 
source code can be generated based on the information in the template. Taking a truck 
loading method for example, the capacity is the key attribute related to this activity 
closely among truck component attributes. The method type may be set as “inherent 
method”, where the state attribute “loadTime” is set as a Normal distribution. The 
succeeding state of “load” is “haul” for the Truck component. The basic structure of 
the translation mechanism, from the CS2 template to the MODSIM III source code, 
the simulation engine, is presented in the Figure 5-6. The attributes and the linkage 
information for state method can be transformed into programming software 
according to the transformation mechanism. For instance, the Attribute “Loading 
time” in template (in Figure 5-6) is related to three major groups of source code in the 
simulation programming (as pointed by the arrow in the figure), including in the 
section of the data type declaration, the load method and the loading time generation 
Component Truck   
ComAttribute /   
Branch Method Offload  Branch  
Rule  Probabilistic 0.1 :0.9 
Next Inspection Return 
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part. Following this transformation mechanism, a graphical user interface is 
developed to generate the simulation source automatically. 
 
Component Truck   
ComAttribute Capacity   
State Method Load Inherent Method 
SAttribute LoadTime Normal(10.0,5.0)
Next Haul   
 
MAIN MODULE Earth-moving; 
 
FROM SimMod  IMPORT StartSimulation, SimTime;   
FROM RandMod IMPORT RandomObj, FetchSeed;   
FROM IOMod   IMPORT ReadKey; 
FROM GrpMod  IMPORT QueueObj; 
 
TYPE 
truckObj = OBJECT; 
... 
Capacity : INTEGER; 
loadTime: REAL; 
... 






 OBJECT truckObj;    
 
  TELL METHOD Load; 
  BEGIN 
   ...... 
   WAIT DURATION loadTime; 
   END WAIT; 
    Haul; 
  END METHOD; 
 
  TELL METHOD Haul; 
...  
 
  ASK METHOD TruckInit; 
  BEGIN 
    OUTPUT ("please input the capacity in Integer"); 
    INPUT (capacity); 
   ... 
    loadTime := ASK ranGen Normal ( 10.0, 5.0 ); 
   ... 
  END METHOD; 
  END OBJECT; 
…  
Figure 5-6: State method template and the transformation structure 
 
5.2.2 Criteria Object Template 
Criteria object manages the interaction activities of the components at the component 
relation level in the operation modeling. The information presented in criteria object 
template includes the criteria linkage, the specification of the criteria object and the 




Criteria  Criteria Name  
Interact With Component.State  Component.State  
Expression AND  Expression 
Update Attribute Name Value 
 
Figure 5-7: General Criteria Template 
 
 Criteria object template lists all of the components involved in the interaction. 
The number of the component listed is based on how many components are involved 
in the interaction. For example, a mobile tower crane is used to erect a precast beam. 
In the interaction of erecting, the linkage between the “erect” states of the Beam 
Component and Crane Component can be specified as: 
Interact With Beam. Erect  Crane. Erect  
 
If labor component should be accounted in this interaction, the criteria for the 
three components can be rewritten as: 
Interact With Beam. Erect  Labor. Erect Crane. Erect  
 
The next part in the template is the Criteria specification, shown as expressions 
linked by “AND” or “OR”. This part specifies the preconditions of the interaction 
activity. Each “Expression” can be the combination of the Operator and any elements 
from the following three categories, a Value, a Simple Component and a Complex 
Component. In the erecting example, the precondition of this interaction activity can 
be expressed as:  
Beam .Erect. Ready >=1 AND Crane .Erect .Ready >=1 
 
The Criteria specification means that the erection cannot start until, at least, one beam 
and one crane are ready. Moreover, this expression can also be the comparison of the 
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two attributes belonging to separate components. In the same erecting example, if 
there is a requirement that the capacity of the tower crane should be greater than the 
weight of the beam, the precondition can be expressed as: 
Beam .Erect. Ready >=1 AND Crane .Erect .Ready >=1 AND Crane.Capacity>=Beam.Weight
  
The last part of the Criteria template is the Update method. The Update method 
indicates the name and the value of the “sharing” attributes. The value in Update Rule 
may overwrite the respective attribute in the involved components, if the value of this 
attribute has already been set in the component template. This value can be a number, 
the result of embedded algorithm, a distribution or any combination of them.  For 
example, the erection duration can be set as: 
Update Duration Normal (10.0, 2.0) 
 
5.3 GUI OUTLINE 
Based on the template of the Component object and the Criteria object, a graphic user 
interface (GUI) is built to improve the graphical representation of the modeling and 
facilitate the modeler-computer interaction. The GUI is developed together with Jeff 
Lee, an undergraduate student in National University of Singapore.  
 






Stencils and Forms 
This GUI employs MS Visio as the interface application program. Two group of 
stencils are developed as in Figure 5-8, in which, Figure (a) for the Complex Builder 
and Figure (b) for Criteria Builder. With these stencils, the diagram can be done 
through dragging the icon from the stencil and specifying the template required 
information. Each icon in the stencil has its separate form for the information 
interactive input except the connection icon. For instance, the input form of the Truck 
component load state is presented as in Figure 5-9.  
 
 
Figure 5-9: Form for state method of Truck Component  
 
 
5.3.1 Data Transfer in GUI 
There are three levels of data transformation in the GUI development: the template, 
the forms (interactive input) and the data table. The component attribute or criteria 
attributes are input into the template structure and then saved in the data table. The 
data table is used to record the necessary information in the template and necessary 
utilities during the transformation into MODSIM III source code, as in Fig. 5-10. 




Figure 5-10: The data transformation process 
 
5.3.2 Two Level Modeling and Diagram  
The GUI supports the two level modeling, the process flow level diagram and the 
component interaction level diagram. A “view” function is built into the component 
object in the GUI. For a component at the component interaction level, the process 
flow level diagram can be shown by clicking the “View” button on the component 
object as depicted in Fig. 5-11.   
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Figure 5-11: Communication between two levels 
 
5.3.3 Component Library and it Reusability  
As part of the GUI, in order to enhance CS2 modeling capability and flexibility, the 
component library is particularly designed to include both pre-defined component and 
user-defined component. When the modeler builds the component relation diagram or 
process flow diagram, the user may check all the existing component process flow 
diagram for reference or reuse. The modeler can start modeling based on the existing 
diagram in the library.  
 
5.4 TEMPLATE VALIDATION   
The same earthmoving example with a slight modification is modeled with the 





5.4.1 Project Description 
In this earth moving operation, an amount of earth will be transported from an off-site 
location to the construction site for back fill. After a dozer loads a truck, the truck 
hauls its cargo to the construction site. After each loading, the dozer will either 
perform another cycle of the loading, or be inspected for operation wear and tear. The 
truck arrived at the construction site will wait for a spotter to offload its cargo. After 
that, the truck will either perform another cycle of this procedure, or be inspected 
before it returns to the off-site location. 
 
 





Figure 5-13: The input form for the Branch method of Truck Component 
 
5.4.2 Process Flow Diagram 
Each of the components involved, Truck, Dozer and Spotter, owns an inherent cycle 
of states that describes the states flow. Truck has a states chain as: ‘Load’, ‘Haul’, 
‘Offload’, ‘Branch’ and ‘Inspection’, related as in Figure 5-12. The attributes of each 
state are set by the modeler through forms associated with each state object. Similarly, 
the Branch method is set using the forms as well, which indicates the linkage of 
succeeding states and the probability of each possible state transition paths, as in Fig 






Figure 5-14: States Chain for (a) Spotter, (b) Dozer Resources 
 
5.4.3 Component Relation Diagram 
Process flow diagrams for the 3 Complex Component objects are built with the 
‘Component Builder’, together with their created databases. While a component 
relation interaction diagram is constructed with ‘Criteria Builder’, as in Figure 5-15. 
In this diagram, two Criteria objects are employed to represent the ‘Load’ and 





Figure 5-15: Component Relation diagram for Earth Moving 
 
The ‘Load’ Criteria object indicates that a minimum of 1 Truck, a minimum 1 
Dozer and an amount of Earth have to be ready before loading initiates, referring to 
Figure 5-16. Similarly, the ‘Offload’ Criteria object contains a precondition for the 
offload activity that requires at least one entity of Truck and Spotter components to be 
ready before the interaction takes place. The Criteria also indicates that the Earth is 
the controlling component for the simulation initiating and end. With each loading, an 
amount of units of Earth will be deducted from the off-site stockpile. Once all the 




Figure 5-16: Displayed Criteria Object Form for Activity 'Load' 
 
5.4.4 Input and Results Analysis 
The two level diagrams are produced through stencils. With the transformation 
mechanism built on the template, the source code for the simulation engine is 
generated at the click of the ‘Write’ icon. The input attribute values are listed as in 
Table 5-1.  
 




time(mins) State Method Duration(mins) 
Truck 18(T)   Load  Set by Criteria 
      Haul Normal ( 25.0, 5.0 ) 
      Offload Set by Criteria 
      Return Normal ( 20.0, 5.0 ) 
      Inspection UniformReal ( 10.0, 90.0 ) 
Dozer 5(T) Normal(5.0, 2.0) Load Set by Criteria 
      Inspection UniformReal(20.0,100.0) 

































Truck Percentage Time Busy Dozer Percentage Time Busy Spotter Percentage Time Busy Project Duration
Truck Percentage Time Busy 100.00% 94.97% 87.54% 77.95% 72.89% 63.79% 55.76% 48.47% 44.73% 40.32%
Dozer Percentage Time Busy 21.58% 41.75% 59.93% 73.69% 88.72% 93.54% 96.09% 97.68% 97.87% 98.65%
Spotter Percentage Time Busy 15.22% 37.55% 55.47% 69.74% 79.30% 84.66% 85.49% 89.40% 92.28% 88.06%
Project Duration 282.44 149.57 102.76 84.13 71.22 65.51 64.43 64.48 61.98 61.15
1 2 3 4 5 6 7 8 9 10
 
Figure 5-17: Single run for the combination of one dozer and one spotter 
 
The combination of the one dozer, one spotter and a number of trucks are tested 
as in Figure 5-17. As indicted in the figure, when the number of truck increases, the 
duration of the whole project decreases. The project duration is cut by nearly two 
third (198.34/282.44) when four trucks are employed. From four to ten trucks, the 
decrease in duration is not as significant as that from one truck to four trucks. The 
average and maximum waiting time for each entity in four truck, one dozer and one 
spotter combination is shown in Figure 5-18. This Figure shows that each entity has a 
utilization factor around 80% with an acceptable mean queuing time of 10 minutes. 
The similar conclusion could be made based on the queuing time of the components 
(as in Figure 5-19). As shown in this figure, queuing time for loading of the truck 
increases dramatically when the number of the truck exceeds 4; while the queuing 
time for offloading of the truck does not have such a significant increase. One 
possible explanation is that, when the system has four trucks or more, the shortage of 
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the dozers becomes the bottleneck of the operation. To increase the number of dozer 
used is one of the solutions to improve the total performance of the system.   

































Longest Q Time Mean Q Time Unility
 Figure 5-18: Single run for 4 Trucks 1 Dozer and 1 Spotter 
 




















Truch Load Q Time Truck Offload Q Time Dozer Load Q Time Spotter Offload Q Time
Truch Load Q Time 0.00 0.05 0.15 0.24 0.39 0.55 0.96 1.26 1.41 1.87
Truck Offload Q Time 0.00 0.03 0.07 0.19 0.15 0.27 0.21 0.26 0.37 0.23
Dozer Load Q Time 1.32 0.52 0.24 0.13 0.04 0.02 0.01 0.00 0.00 0.00
Spotter Offload Q Time 1.43 0.56 0.27 0.15 0.08 0.06 0.05 0.04 0.03 0.04
1 2 3 4 5 6 7 8 9 10
 




This chapter presented the template of the CS2 method and the Graphic user interface. 
The template and GUI simplify the process of model generation mainly through 
graphical display, component library, and two abstract level presentations. The 
template summarized the attributes and states that should be included and the method 
to arrange these attributes and states. The transformation mechanism defined structure 
of translating the key information with the template into simulation source code. 
Based on the template and the transformation mechanism, the GUI was developed for 
complex component template and criteria object template. The approach was 






This chapter provides a summary of the research results from CS2 modeling and 
applications. The contributions and limitations of the research are presented along 
with a discussion of the future research areas in the construction simulation modeling 
methodology.  
 
6.1 RESEARCH SUMMARIES 
This research introduced and evaluated a Component-State based Criteria Simulation 
(CS2) method specifically designed for construction operations. The CS2 method was 
presented in three aspects: the structure of the CS2 method, the case application in 
evaluating different operational scenarios and the CS2 template and graphic user 
interface.   
After evaluating scope, strategy and hierarchy of different construction 
simulation approaches, the CS2 method was proposed in Chapter 3. The CS2 method 
is a general-purpose simulation modeling methodology, employing a component-state 
modeling strategy presented in an object-oriented modeling aspect. The criteria object 
was designed to facilitate managing the interaction between component objects. First, 
the basic modeling elements, the component and criteria object, were described with 
examples, including the visual representation and attribute of each modeling elements. 
Two types of the components, the simple and complex component, were illustrated 
and compared in terms of component attributes and the component state-changing 
method. Then, criteria objects were defined through elaborating the three major parts: 
the interaction linkage, the criteria specification and update methods. At last, with an 
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earth moving example, the structure of the CS2 method was reviewed and the 
modeling process was presented through a step by step demonstration. The 
comparative advantage of the method with tradition process-oriented modeling was 
discussed and the architecture and the modeling process of CS2 method were 
evaluated.  
To better illustration the CS2 method’s capacity in evaluating different 
managerial scenarios, an in-depth case study was presented using CS2 method in 
modeling and analyzing the precast concrete fabrication and installation operations. 
The Punggol LRT project, an S$ 450 Million project, was used as the case study. In 
this case study, the traditional CPM production scheduling and the pull-driven 
planning concept were reviewed and compared. After stating the scope of the case 
study, two scheduling scenarios were modeled respectively using CS2 method 
integrated with the database concept. The simulation models were executed and the 
results of the two approaches were compared and discussed.  The modeling process 
and the simulation results provided an explicated example that how the CS2 method 
facilitated the quick modeling different operation scenarios without changing the 
modeling main frame.  
CS2 method also included the simulation sources code auto-generation program: 
the template and the graphical user interface. The template format of CS2 method 
summarized the key attributes for each function of the modeling element in a tabular 
format. The transformation mechanism presented the structure that how the key 
attributes information in the template could be transformed into the simulation 
programming source code.  As a part of the CS2 method, the graphical user interfaced 
was developed using the Microsoft Visio and Visual Basic for Applications followed 
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the CS2 template. The template and the GUI was tested and validated thought a 
modified earth-moving example. 
 
6.2 RESEARCH CONTRIBUTIONS 
The contributions of the study are: 
• Clear definition of the structure of the CS2 method and modeling process, 
including component-state concept, the criteria controlled inter-component 
relation and two-level hierarchy modeling. This structure simplifies the 
modeling process through component-state modeling element and 
enhances the model reusability by using criteria object to manage the 
interaction among the simulation components. 
• Detailed example with step by step demonstration to assist in industry 
implementation. The detailed CS2 method with database was introduced 
with precast concrete fabrication and instillation case study.  
• Innovative template approach to bridge the visual programming and the 
construction simulation modeling. The template format of CS2 method and 
the graphical user interface were developed and validated though modeling 
examples.   
 
6.3 RESEARCH LIMITATIONS 
The limitations of the research are described as follows: 
• The integration of the CS2 method: The Component state based criteria 
simulation method includes the modeling methodology, the database approach 
and the template based GUI. The modeling methodology defines the core of 
the CS2 method and the layout the modeling process, including the modeling 
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elements, graphical representation and the two-level presentation. The 
database approach in Chapter 4 provided a detail process how to model and 
compare different operation scenarios and a solution to modeling and tracking 
the simulation entities during the simulation process for a large-scale project. 
The template based GUI provides an automated-source generation approach to 
simplify the simulation modeling process. From the modeling strategy points 
of view, it is desirable to provide a more integrated structure to embrace all the 
aspect of CS2 method within a single software package. In this way, all the 
major part of the CS2 method can be performed in a single software platform, 
instead of switching between MS Visio MODSIM III simulation engines and 
other software packages to debug and finalize the simulation program.   
  
• Limited case study application: One real case project and two case studies 
were performed to validate the Component State Criteria Simulation method. 
The major construction operation modeled in case studies were infrastructure 
construction related operations. It is desirable to perform more case studies 
focusing on complex building construction activities and operations.  
 
6.4 FUTURE RESEARCH 
The suggestions for the future research are discussed in the following section. 
 
6.4.1 Comprehensive CS2 method Modeling 
The CS2 method Modeling includes two unique parts: the component-state concept 
and the Criteria object. The goal of the Component state concept arms at modeling all 
elements in construction activities, e.g. labor, equipment or building elements. The 
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Criteria object should group and manage the preconditions for the interaction among 
the simulation component, including but not limited to resources availability, physical 
relations, functional dependency, construction space occupation, safety issue, and 
weather. In this research, only a few combinations of component object and criteria 
object were modeled and simulated at the modeling level and simulation 
programming level. To provide a more comprehensive modeling structure, it is 
desirable to build a component and criteria object library to demonstrate a wide range 
of modeling element.  
 
6.4.2 Visual Simulation Animation 
Visualizing simulated construction operations can significantly facilitate establishing 
the credibility of simulation models. Visualization can also provide valuable insight 
into the subtleties of construction operations that are otherwise nonquantifiable and 
presentable. Future research could focus on a visual simulation animation function to 
track and demonstrate the simulation entities. At the simulation program level, CS2 
method can track each entity in the component object during the simulation process. 
Based on this function, a visual simulation animation could be further developed to 
demonstrate the movement of each entity in the simulation programming.  
 
6.5 CONCLUDING REMARKS 
The Component-State based Criteria Simulation (CS2) method in construction 
introduces an innovative view of construction operations modeling. The CS2 method 
provides a means to provide a one to one correspondence between modeling and 
physical components. In this method, the interaction among this modeling component 
is grouped and managed by the criteria object to facilitate further modification. With 
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the advances in the information technology and construction modeling concepts, a 
more interactive and reusable construction simulation modeling can help the general 
contractor, construction managers and subcontractors to accomplish projects more 
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